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Beyond "all-or-nothing" climbing fibers: graded 
representation of teaching signals in Purkinje cells 



Arguments about the function of the climbing fiber (CF) input to the cerebellar cortex have 
fueled a rabid debate that started over 40 years ago, and continues to polarize the field 
to this day. The origin of the controversy can be traced back to 1969, the year David Marr 
published part of his dissertation work in a paper entitled "A theory of cerebellar cortex." 
In Marr's theory, CFs play a key role during the process of motor learning, providing an 
instructive signal that serves as a "teacher" for the post-synaptic Purkinje cells. Although 
this influential idea has found its way into the mainstream, a number of objections have 
been raised. For example, several investigators have pointed out that the seemingly 
"all-or-nothing" activation of the CF input provides little information and is too ambiguous 
to serve as an effective instructive signal. Here, we take a fresh look at these arguments 
in light of new evidence about the peculiar physiology of CFs. Based on recent findings 
we propose that at the level of an individual Purkinje cell, a graded instructive signal can 
be effectively encoded via pre- or post-synaptic modulation of its one and only CF input. 
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Marr's idea that cerebellar climbing fibers (CFs) play the role of 
"teachers" during motor learning was a stroke of genius. Like the 
rest of the hypotheses first introduced in his revolutionary "A the- 
ory of cerebellar cortex" (Marr, 1969), the idea that CFs provide 
instructive signals was built from the ground up, based on first 
principles and a deep understanding of the computational prob- 
lems that need to be solved in motor control. In addition, Marr 
relied extensively on detailed knowledge about the wiring circuit 
and the physiology of the cerebellar cortex, which had been com- 
piled just a few years before in a remarkable book by Eccles et al. 
(1967). We may never know with certainty what led to the aha 
moment that sparked the idea that CFs could act as "teachers"; but 
one can only imagine that in developing his pioneering theory, 
Marr must have been particularly intrigued by the unique prop- 
erties of the CF input and the peculiar response it generates in the 
post-synaptic Purkinje cell. 

"ALL-OR-NOTHING" INSTRUCTIVE SIGNALS 

Climbing fibers are the axons sent by neurons in the inferior olive 
to the contralateral cerebellum (Figure 1A; red; Eccles et al., 1966; 
Desclin, 1974; Schmolesky etal., 2002; Ohtsuki etal, 2009). One 
of the most striking features of this olivo-cerebellar projection is 
that in the adult cerebellar cortex, each Purkinje cell is innervated 
by a single CF (Eccles et al, 1966; Schmolesky et al., 2002; Ohtsuki 
et al., 2009) . This is one of the most powerful excitatory synapses in 
the brain (Eccles et al, 1966), comprising more than 1000 contacts 
distributed all along the proximal portion of the Purkinje cell den- 
dritic tree (Palay and Chan-Palay, 1974; Strata and Rossi, 1998). As 
a result, activation of a single olivary neuron results in a large elec- 
trical event in the soma of the post-synaptic Purkinje cell, termed 
the "complex spike" (CS; Thach, 1967) because it consists of a fast 



initial spike followed by several slower spikelets of smaller ampli- 
tude separated from each other by 2-3 ms (Figure 1B5; asterisk; 
Eccles etal, 1966). The CS can be easily distinguished from the 
so called "simple spikes" (Thach, 1967), normal action potentials 
fired constantly by the Purkinje cells at high rates (Figure 1B5; thin 
lines). The cause of the spikelets in the CS was disputed for years 
(Armstrong and Rawson, 1979; Campbell et al, 1983b), but recent 
work has demonstrated that they are a result of the interaction 
between local resurgent sodium currents in the Purkinje cell soma 
(Raman and Bean, 1997, 1999a,b; Schmolesky etal, 2002), and 
the characteristic activation of the pre-synaptic CFs, which tend 
to fire in brief high-frequency bursts of 1-6 spikes (Figure 1B1; 
Crill, 1970; Armstrong, 1974; Mathy etal, 2009). 

From the very beginning, the somatic CS was described as being 
"all-or-nothing" (Eccles etal, 1966), a label that has stuck to this 
day. This characterization of the CS is based on the finding that 
direct microstimulation of the inferior olive causes a seemingly 
binary response in the post-synaptic Purkinje cell (Eccles etal, 
1966): "nothing" if the strength of stimulation is below a certain 
threshold, or a unitary ("all") CS for all strengths above threshold 
(Figure 1B5; same CS for weak or strong inferior olive stimula- 
tion). In other words, the CS evoked in an individual Purkinje 
cell is unaffected if additional CFs are activated by increasing the 
strength of stimulation in the inferior olive. 

These groundbreaking experiments hold an important place 
in history, partly because in showing that the post-synaptic CF 
response does not depend on the number of stimulated cells in 
the inferior olive, they helped demonstrate that each Purkinje cell 
must receive input from one-and-only-one CF (Eccles et al, 1966). 
Importantly, the "all-or-nothing" quality of the post-synaptic CS 
also implies that the response of the sole pre-synaptic CF input 
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FIGURE 1 | Graded instructive signals in a Purkinje cell. (A) A schematic 
diagram of a Purkinje cell and its different synaptic inputs. Electrodes are 
placed in different locations to measure the extracellular spiking activity of the 
climbing fiber (1 ; red), a molecular layer interneuron (2; green), a parallel fiber 
(3; cyan) and the Purkinje cell axon (5; black). In addition, intracellular calcium 
signals are imaged in one of the Purkinje cell's distal dendrites (4; black), near 
electrodes 2 and 3. (B-E) Spikes and calcium signals measured in the five 



locations shown in (A), under four different scenarios: when all climbing fiber 
signals are "all-or-nothing" whether firing is spontaneous (spont) or when the 
strength of stimulation in the inferior olive is weak or strong (B), when 
instructive signals to lift the foot "a little" or "a lot" influence the number of 
spikes in the climbing fiber burst (C), or when the instructive signals activate 
the climbing fiber simultaneously with parallel fiber inputs (D) and input from 
the molecular layer interneurons (E). 



is not graded with the strength of olivary stimulation, and must 
itself be "all-or-nothing" as well (Figure 1B1; same 3-spike burst 
for weak or strong IO stimulation). Later studies confirmed this 
prediction by recording directly from individual neurons in the 
inferior olive, and showing that their spiking response varies little 
with the strength of stimulation (Crill, 1970). This finding has far- 
reaching implications and is at the center of a heated debate about 
the functional role of the CF input. 

SPONTANEOUS CLIMBING FIBERS AND THE 
SIGNAL-TO-NOISE PROBLEM 

To Marr, the idiosyncratic properties of the olivo-cerebellar system 
could only mean one thing: each individual "all-or-nothing" CF 
input represents an "elemental" instruction that provides informa- 
tion about what the correct movement should be in a given context 
(Marr, 1969). It is important to remember that in the original the- 
ory, these instructive signals could be encoded in either motor 
or sensory coordinates (Marr, 1969). For example, if an obsta- 
cle is placed in front of the right foot causing the subject to trip 
while walking on a treadmill, the appropriate elemental instruc- 
tion could be represented using motor commands coming from 
cerebral cortex (e.g., "lift right foot"), or sensory-related inputs 
coming from peripheral activation of cutaneous receptors (e.g., 
"the right foot hit an obstacle"). In either case, the idea was that 
the CF input would be providing an instructive signal to the Purk- 
inje cell, triggering mechanisms of plasticity that would be used to 
correct subsequent movements (i.e., lift the right foot higher on 
the next step cycle and avoid the obstacle). 

Almost 45 years after Marr's original proposal, his hypothe- 
sis remains controversial and the cerebellar field is still divided 
with regards to how CF signals are used to exert control over our 



movements (De Schutter and Maex, 1996; Simpson etal., 1996; 
Llinas, 2011). It appears that at least in some motor learning tasks, 
CFs are activated in a manner that is compatible with their pre- 
sumed role as "teachers" (Gilbert and Thach, 1977; Raymond et al, 
1996; Simpson etal, 1996; Kitazawa etal., 1998; Raymond and 
Lisberger, 1998; Ito, 2006, 2013; Medina and Lisberger, 2008; Ras- 
mussen etal., 2008; Soetedjo etal., 2008). Further support comes 
from in vitro studies showing that CF inputs can trigger a variety of 
synaptic plasticity mechanisms in Purkinje cells (for reviews, see 
Hansel et al., 2001; Gao et al, 2012). However, a number of ques- 
tions have been raised about the potential instructive role of CFs 
during motor learning, particularly with regards to the problems 
inherent in representing information with "all-or-nothing" signals 
from spontaneously active neurons (Llinas and Welsh, 1993; Llinas 
etal., 1997). 

One argument against the idea that CFs act as "teachers" is 
that the "all-or-nothing" CF input is ambiguous from the point of 
view of an individual Purkinje cell, and suffers from the so-called 
"signal-to-noise" problem (Llinas et al., 1997). The trouble is that 
CFs are spontaneously active about once per second (Armstrong, 
1974; Simpson etal., 1996), and at least in the prevailing view 
(Figure IB), the post-synaptic Purkinje cell would have no way 
of distinguishing between these frequent spontaneous activations 
("noise"), and the few which occur during motor learning and pre- 
sumably encode elemental instructions ("signal"). Even if Purkinje 
cells were somehow able to discriminate between instructive and 
spontaneous CF inputs, the "all-or-nothing" character of the CF 
signal would put a hard limit on how much information can be 
encoded. At best, a CF could fire ("all") to signal "lift right foot" 
or remain silent ("nothing") to signal "do not lift right foot," but it 
would not be able to provide useful parametric information about 
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how far to lift it. These theoretical considerations call into question 
the ability of individual CFs to provide efficient instructive signals 
for motor learning. But are CFs really such "bad teachers?" 

POOLING TOGETHER CF SIGNALS: THERE IS STRENGTH IN 
NUMBERS 

Previous theoretical studies have suggested that even though a sin- 
gle "all-or-nothing" CF signal is ambiguous, an individual Purkinje 
cell could still solve the "signal-to-noise" problem by collecting 
information from its CF input across many trials (Sejnowski, 1977; 
Fujita, 1982; Kawato and Gomi, 1992; Gilbert, 1993; Mauk and 
Donegan, 1997; Mauk etal, 1997; Kenyon etal, 1998; Spoelstra 
etal., 2000; Dean etal., 2010). In these computational models, CF 
activity works as an equilibrium point signal: the CF fires ("all") to 
trigger plasticity when an error is made and the movement needs 
to be adjusted, but is silent ("nothing") if the movement is per- 
formed correctly. Because a single spontaneous CF input cannot 
be distinguished from a single error- related CF input, it is assumed 
that both types of CF signals are equally capable of inducing plas- 
ticity. However, only those CF signals that are repeatedly triggered 
with high probability in a specific learning context would lead to 
an enduring change in the Purkinje cell. This solves one problem, 
but leaves unanswered one important question: how can "all-or- 
nothing" CFs provide parametric information about the size of 
the error? After all, an effective instructive signal should indicate 
whether the movement requires just a small adjustment or a major 
overhaul. 

An "all-or-nothing" CF signal cannot carry much information 
by itself, but instructive signals with details about error size could 
be encoded, at least in theory, by pooling together the activity of 
many olivary neurons. For example, the instructive signal "lift right 
foot" could be represented by activating any one of ten CFs, while at 
the same time graded information about how far to lift it could be 
encoded by modulating how many of the ten are simultaneously 
activated. The olivo-cerebellar system seems perfectly suited for 
this type of synchronous population coding: neighboring neurons 
in the inferior olive are electrically coupled by dendrodendritic gap 
junctions (Llinas etal, 1974; Sotelo etal., 1974; De Zeeuw etal., 
1996, 1997; Marshall etal., 2007), and as a result, small groups of 
CFs converging on the same narrow parasagittal strip of cerebellar 
cortex have a tendency to fire synchronously (Bell and Kawasaki, 
1972; Llinas and Sasaki, 1989; Sugihara et al., 1993; Simpson et al, 
1996; Lang etal, 1999; Kitazawa and Wolpert, 2005). Further- 
more, the level of co-activation in the CF population appears to 
encode sensorimotor- related information (Lou and Bloedel, 1992; 
Welsh et al, 1995; Wylie et al, 1995; Lang, 2002; Ozden et al, 2009; 
Schultz etal, 2009; Wise etal., 2010). 

As pointed out by others (Ozden etal., 2009; Schultz etal, 
2009; Bengtsson etal, 2011; Otis etal., 2012), the level of CF co- 
activation could potentially be read out and used as an instructive 
signal in downstream neurons of the deep cerebellar nuclei which 
receive convergent input from many Purkinje cells (Palkovits et al, 
1977; Person and Raman, 2011). However, our concern here is with 
the representation of instructive signals at the level of an individ- 
ual Purkinje cell, which receives input from a single CF (Eccles 
etal, 1966; Schmolesky etal, 2002; Ohtsuki etal., 2009), and 
therefore does not have easy access to information encoded in the 



population. Note that in theory, a Purkinje cell could receive infor- 
mation about activation of neighboring CFs through spillover 
mechanisms (Szapiro and Barbour, 2007; Mathews etal., 2012), 
but this possibility will not be considered further in this paper. 
Instead, we will discuss alternative ways to enhance the informa- 
tion capacity of individual olivary neurons, using mechanisms 
that challenge the conventional view that all CF signals are created 
equal. 

MODULATION OF THE PRE SYNAPTIC CLIMBING FIBER 
BURST 

New discoveries about the spike-generating mechanisms of oli- 
vary neurons are challenging conventional wisdom about the way 
CFs encode information. As noted earlier, CFs fire in brief high- 
frequency bursts, comprising 1-6 spikes separated from each other 
by 2-3 ms (Crill, 1970; Armstrong, 1974; Mathy etal., 2009). The 
burst is generated in the olivary axon itself, as a result of an intrin- 
sic positive feedback loop (Mathy etal., 2009): the first spike is 
initiated in the axon, but it also backpropagates into the dendrites 
where it opens high-voltage-activated calcium channels that cause 
a prolonged depolarization lasting up to 10 ms. When this depo- 
larization reaches the axon, it triggers the rest of the spikes in the 
burst. 

At first glance, this seemingly automatic and self-driven burst 
mechanism appears to fit well with the "all-or-nothing" charac- 
ter of the CF response to brief olivary stimulation (Crill, 1970), 
which was mentioned earlier and is characterized by a single burst 
of spikes that varies little whether the initial depolarization is 
just above threshold or much stronger (Figure 1B1). However, 
it is known that the processes underlying spike generation and 
dendritic depolarization are both influenced by a variety of fac- 
tors, including the resting potential of the inferior olivary neuron 
(Llinas andYarom, 1981; Ruigrokand Voogd, 1995). This opens up 
the possibility that information may be transmitted by modulating 
the number of spikes in the CF burst. 

Indeed, the era of the "all-or-nothing" CF may be coming to 
an end. Recent studies have shown that the burst size, i.e., the 
number of spikes in the CF burst, is tightly regulated and pro- 
vides extra information not available in the conventional binary 
signal (Maruta etal, 2007; Mathy etal, 2009; Bazzigaluppi etal, 
2012; De Gruijl etal., 2012). For example, burst size is corre- 
lated with a number of critical parameters which together define 
the state of olivary neurons. These cells have a characteristic sub- 
threshold membrane potential oscillation which is synchronized 
across neighboring olivary neurons via gap junctions (Lampl and 
Yarom, 1993, 1997; Devor and Yarom, 2002; Leznik and Llinas, 
2005). It has been shown that the number of spikes in the CF 
burst varies systematically according to the phase of the oscilla- 
tion in vitro (Mathy etal., 2009), the amplitude of the oscillation 
in vivo (Bazzigaluppi etal., 2012), and the extent of electrotonic 
coupling and synchrony in a computer model of the olivary net- 
work (De Gruijl et al, 2012). In addition, burst size can be used to 
distinguish between spontaneous and sensory-related CF signals 
evoked by sinusoidal whole-field visual stimulation (Maruta et al., 
2007). This last study also found that the number of spikes in the 
CF burst varied systematically depending on the direction of the 
visual stimulus. 
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The findings of the studies mentioned in the preceding para- 
graph must be interpreted with some caution. As was also the 
case in previous experiments (Eccles etal., 1966; Armstrong and 
Rawson, 1979), the number of spikes per CF burst was quite vari- 
able from one burst to the next and always fell within the same 
limited range (1-6 spikes), regardless of condition or behavioral 
state. Therefore, the changes in burst size for any given situation 
were small ( < 1 spike per burst) and could only be detected in 
the average as a slight probability bias toward generating more 
bursts with many (>4) or few (1) spikes. It remains to be seen 
whether such a fickle modulation of the CF-burst signal could play 
a functional role during motor learning, perhaps by regulating the 
induction of plasticity in the post-synaptic Purkinje cell (Mathy 
et al., 2009). Nonetheless, these groundbreaking experiments have 
demonstrated that the number of spikes in the CF burst is not 
entirely random and can thus provide parametric information 
not available in a binary code. 

Figure 1C illustrates a straightforward way to encode a graded 
instructive signal by systematically modulating the number of 
spikes in the CF burst, e.g., 2 spikes for "no instruction" due to 
spontaneous activation, 3 for "lift right foot a little," and 4 for 
"lift right foot a lot." Clearly, this example is an oversimplifica- 
tion. In reality, codes based on burst size would be inherently 
noisy because as mentioned above, the number of spikes in the 
CF burst is subject to stochastic variations within a limited range. 
However, the information capacity of an individual CF would still 
be enhanced under conditions in which burst size is probabilis- 
tic and only slightly biased one way or another depending on the 
parametric details of the instruction. A similar proposal for encod- 
ing parametric information in the CF system was formulated on 
theoretical grounds almost 40 years ago (Gilbert, 1974). 

One advantage of the code in Figure 1C1 is that it can be 
unambiguously read-out because a difference of just one spike in 
the CF burst has a substantial impact on the response evoked in the 
post-synaptic Purkinje cell. In the dendrites, burst size regulates 
the duration of the depolarizing plateau potential (Campbell et al., 
1983a), the number of calcium spikes (Mathy et al., 2009), and the 
ability of the CF input to induce plasticity (Mathy etal, 2009; 
Figure 1C4). With regards to Purkinje cell output, burst size has 
a strong influence on both the number of CS-related spikes that 
are sent down the axon (Mathy etal., 2009), and the duration of 
the characteristic pause in simple spike activity that follows the CS 
(Mathy et al, 2009; Figure 1C5). 

MODULATION OF THE POST SYNAPTIC CLIMBING FIBER 
RESPONSE 

It is often overlooked that the same groundbreaking paper that 
coined the term "all-or-nothing" to describe the Purkinje cell CS 
also made it very clear that the excitatory post-synaptic potential 
(EPSP) evoked after activation of the CF input could itself be 
graded (Eccles etal., 1966): the size of the EPSP was shown to 
depend critically on the membrane potential. This observation 
has important implications for the coding of instructive signals 
in Purkinje cells, particularly as it pertains to the regulation of 
CF-evoked calcium influx in the dendrites. 

Activation of the CF input causes a massive depolarization of 
the proximal dendrites of the Purkinje cell (Eccles etal., 1966), 



triggering regenerative calcium spikes that propagate and cause 
calcium influx throughout the dendritic tree (Ross and Werman, 
1987), including the terminal spiny branchlets (Konnerth etal, 
1992; Miyakawa etal., 1992), where the excitatory parallel fiber 
(PF) synapses are located (Figure 1A; cyan). Dendritic calcium 
is the trigger for a wide variety of short-term (Batchelor and 
Garthwaite, 1997; Glitsch et al., 2000; Brenowitz and Regehr, 2003; 
Maejima etal., 2005; Rancz and Hausser, 2006) and long-term 
(Sakurai, 1990; Konnerth etal, 1992; Kano etal, 1996; Hansel 
and Linden, 2000; Miyata et al, 2000; Wang et al., 2000; Coesmans 
et al., 2004; Tanaka et al., 2007) mechanisms of plasticity in Purk- 
inje cell synapses, and for this reason it is considered the neural 
implementation of behaviorally driven instructive signals at the 
most fundamental molecular level (for reviews, see Hansel etal., 
2001; Gao etal, 2012). 

What is important about the CF-triggered dendritic calcium 
signal from a neural coding perspective is that just like the evoked 
EPSP, its amplitude can be modulated in vitro (Miyakawa etal., 
1992; Midtgaard etal, 1993; Callaway etal., 1995; Wang etal, 
2000) and in vivo (Kitamura and Hausser, 2011) by a variety 
of factors that influence the membrane potential of the Purkinje 
cell. For example, activation of inhibitory synapses from molec- 
ular layer interneurons (Figure 1A; green) causes a conductance 
shunt that reduces the amplitude of the CF-triggered calcium sig- 
nal (Callaway etal., 1995). Conversely, dendritic calcium influx 
is significantly enhanced if the CF input is preceded by stimu- 
lation of the excitatory PF pathway (Wang etal., 2000), which 
by itself causes a small graded calcium response via activation of 
voltage-gated calcium channels as well as metabotropic receptor- 
dependent release from intracellular stores (Eilers etal., 1995; 
Takechi etal, 1998). 

Figure ID illustrates a straightforward way to encode a graded 
instructive signal by systematically modulating the amplitude of 
the CF-triggered calcium response in the Purkinje cell dendrites. 
The three signals corresponding to "no instruction" due to spon- 
taneous activation of the CF input, "lift right foot a little" and 
"lift right foot a lot" are associated with progressively increasing 
levels of PF excitation (Figure 1D3), and as a result, they are 
encoded in the dendrite as progressively larger calcium responses 
(Figure 1D4). Note that in this example there is a parallel system- 
atic modulation of the characteristic post-CF pause in Purkinje 
cell activity (Figure 1D5), which is consistent with the recently 
described effect of extra dendritic calcium spikes on somatic spik- 
ing (Davie etal., 2008). On the other hand, the CS itself provides 
no parametric information about the instruction because it is the 
same regardless of the context in which the CF was activated 
(Figure 1D5). This is consistent with previous work demon- 
strating that the burst pattern of the CS is largely unaffected by 
dendritic events because the CF input causes a functional division 
between dendritic and axosomatic compartments (Davie etal., 
2008). 

We have made one key assumption in Figure ID: the instruc- 
tive signal that activates the CF input also activates some of the PF 
synapses on the same Purkinje cell. In other words, our proposal 
requires a high degree of spatial convergence in the cerebellar cor- 
tex: PF's and CFs inputs representing the same type of information 
must come together at the level of individual Purkinje cells. 
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The field is currently divided with regards to this "conver- 
gence" hypothesis (Apps and Garwicz, 2005). Previous studies 
have provided irrefutable evidence that the CF receptive field of an 
individual Purkinje cell matches that of the mossy fibers located 
in the granular layer directly underneath (Garwicz etal., 1998; 
Brown and Bower, 2001; Voogd etal, 2003; Odeh etal, 2005; 
Pijpers etal, 2006; Apps and Hawkes, 2009). What is less clear is 
whether this vertically aligned spatial organization would result 
in the Purkinje cell receiving the CF signal together with excita- 
tory input from mossy fiber-driven PF's (Cohen and Yarom, 1998; 
Brown and Bower, 2001; Figure 1 D) , or with inhibitory input from 
mossy fiber-driven molecular layer interneurons (Ekerot and Jorn- 
tell, 2001, 2003; Figure IE). Based on classic work (Eccles etal, 
1967, 1972; Eccles, 1973), as well as more recent studies using in 
vivo imaging of peripherally evoked inhibitory responses in the 
cerebellar cortex (Gao et al., 2006) or patchy photostimulation of 
granule cells in vitro (Dizon and Khodakhah, 20 1 1 ), we think both 
scenarios are possible. We suspect that the levels of local excitatory 
and inhibitory input may differ between groups of Purkinje cells, 
depending on their precise location relative to the activated PF's. 
This raises the intriguing possibility that the mossy fiber pathway 
may be used to set the membrane potential of the Purkinje cell, 
and in this way adjust the efficacy of CF-related instructive signals. 

EPILOG: CF-DRIVEN PLASTICITY IN PURKINJE CELLS 

Our paper highlights how graded modulation of individual CF 
inputs may be used for encoding parametric information about 
instructive signals. But to really understand the role of CFs in 
motor learning, we must first answer one fundamental question: 
if CFs are the "teachers," who might the students be and what 



REFERENCES 

Apps, R., and Garwicz, M. (2005). 
Anatomical and physiological foun- 
dations of cerebellar information 
processing. Nat. Rev. Neurosci. 6, 
297-311. doi: 10.1038/nrnl646 

Apps, R., and Hawkes, R. (2009). Cere- 
bellar cortical organization: a one- 
map hypothesis. Nat. Rev. Neurosci. 
10, 670-681. doi: 10.1038/nrn2698 

Armstrong, D. M. (1974). Functional 
significance of connections of the 
inferior olive. Physiol. Rev. 54, 358- 
417. 

Armstrong, D. M., and Rawson, J. A. 
(1979). Activity patterns of cerebellar 
cortical neurones and climbing fibre 
afferents in the awake cat. /. Physiol. 
289, 425^48. 

Batchelor, A. M., and Garthwaite, 
J. (1997). Frequency detection and 
temporally dispersed synaptic signal 
association through a metabotropic 
glutamate receptor pathway. Nature 
385, 74-77. doi: 10.1038/385074a0 

Bazzigaluppi, R, De Gruijl, J. R., van 
der Giessen, R. S., Khosrovani, S., 
De Zeeuw, C. I., de Jeu, M. T. 
(2012). Olivary subthreshold oscil- 
lations and burst activity revisited. 
Front. Neural Circuits 6:91. doi: 
10.3389/fncir.2012. 00091 



Bell, C. C, and Kawasaki, T. 
(1972). Relations among climbing 
fiber responses of nearby Purk- 
inje Cells. /. Neurophysiol. 35, 
155-169. 

Bengtsson, F., Ekerot, C. F., and 
Jorntell, H. (2011). In vivo anal- 
ysis of inhibitory synaptic inputs 
and rebounds in deep cerebel- 
lar nuclear neurons. PLoS ONE 
6:el8822. doi: 10.1371/journal.pone. 
0018822 

Bosman, L. W., Takechi, H., Hart- 
mann, J., Eilers, J., and Konnerth, 
A. (2008). Homosynaptic long-term 
synaptic potentiation of the winner 
climbing fiber synapse in developing 
Purkinje cells. /. Neurosci. 28, 798- 
807. doi: 10.1523/JNEUROSCI.4074- 
07.2008 

Brenowitz, S. D., and Regehr, W. G. 
(2003). Calcium dependence of ret- 
rograde inhibition by endocannabi- 
noids at synapses onto Purkinje cells. 
/. Neurosci. 23, 6373-6384. 

Brown, I. E., and Bower, J. M. 
(2001). Congruence of mossy fiber 
and climbing fiber tactile projec- 
tions in the lateral hemispheres of 
the rat cerebellum. /. Comp. Neu- 
rol. 429, 59-70. doi: 10.1002/1096- 
9861(20000101)429 



do they learn? In "A theory of cerebellar cortex," Marr predicted 
that CFs would teach by modifying the strength of excitatory 
PF synapses (Figure 1A; cyan). Immediately after the publica- 
tion of his revolutionary theory, Marr himself worked with Eccles 
on this topic, but "failed to discover any significant modification 
even after some hundreds of parallel fiber-climbing fiber inputs" 
(Eccles, 1973). This initial failure did not stop others from trying 
to induce plasticity by stimulating CFs with more physiological 
patterns. More than a decade later, Masao Ito would become the 
first person to demonstrate CF-dependent long-term depression 
(LTD) of PF synapses (Ito and Kano, 1982). Since then, research 
about cerebellar plasticity has exploded (Gao et al., 2012). We now 
know that CFs can trigger a variety of long-term modifications 
in PF synapses (Figure 1A; cyan; Ito and Kano, 1982), in molec- 
ular layer interneuron synapses (Figure 1A; green; Kano etal., 
1992; Duguid and Smart, 2004; Mittmann and Hausser, 2007), and 
even in the CF synapse itself (Figure 1A; red; Hansel and Linden, 
2000; Bosman etal, 2008; Ohtsuki and Hirano, 2008). The func- 
tional significance of these plasticity mechanisms remains largely 
unknown. We can only imagine that in contrast to the conven- 
tional "all-or-nothing" instructive CF input, the type of graded CF 
signals we have described here could provide an extra degree of 
flexibility for choosing carefully who the students are and what to 
teach them. 

ACKNOWLEDGMENTS 

We are grateful to K. Ohmae and J. Chin for help with the figure 
and to S. Wang for helpful discussion. Work supported by grant 
R01MH093727 from the National Institutes of Mental Health to 
lavier F. Medina. 



Callaway, J. C, Lasser-Ross, N., and 
Ross, W. N. (1995). IPSPs strongly 
inhibit climbing fiber-activated 
[Ca2+]i increases in the dendrites 
of cerebellar Purkinje neurons. /. 
Neurosci. 15, 2777-2787. 

Campbell, N. C, Ekerot, C. F., and Hess- 
low, G. (1983a). Interaction between 
responses in Purkinje cells evoked by 
climbing fibre impulses and parallel 
fibre volleys in the cat. /. Physiol. 340, 
225-238. 

Campbell, N. C, Ekerot, C. F., Hess- 
low, G., and Oscarsson, O. (1983b). 
Dendritic plateau potentials evoked 
in Purkinje cells by parallel fibre 
volleys in the cat. /. Physiol. 340, 
209-223. 

Coesmans, M., Weber, J. T., de 
Zeeuw, C. I., and Hansel, C. 
(2004). Bidirectional parallel fiber 
plasticity in the cerebellum under 
climbing fiber control. Neuron 44, 
691-700. doi: 10.1016/j.neuron.2004. 
10.031 

Cohen, D., and Yarom, Y. (1998). 
Patches of synchronized activity in 
the cerebellar cortex evoked by 
mossy-fiber stimulation: questioning 
the role of parallel fibers. Proc. Natl. 
Acad. Sci. U.S.A. 95, 15032-15036. 
doi: 10.1073/pnas.95.25.15032 



Crill, W. E. (1970). Unitary multiple- 
spiked responses in cat inferior olive 
nucleus./. Neurophysiol. 33, 199-209. 

Davie, J. T., Clark, B. A., and 
Hausser, M. (2008). The origin of 
the complex spike in cerebellar Purk- 
inje cells. /. Neurosci. 28, 7599- 
7609. 

Dean, P., Porrill, J., Ekerot, C. E, and 
Jorntell, H. (2010). The cerebellar 
microcircuit as an adaptive filter: 
experimental and computational evi- 
dence. Nat. Rev. Neurosci. 11, 30—43. 
doi: 10.1038/nrn2756 

De Gruijl, J. R., Bazzigaluppi, P., de 
Jeu, M. T, and De Zeeuw, C. I. 
(2012). Climbing fiber burst size and 
olivary sub-threshold oscillations in 
a network setting. PLoS Comput. 
Biol. 8:el002814. doi: 10.1371/jour- 
nal.pcbi.1002814 

De Schutter, E., and Maex, R. (1996). 
The cerebellum: cortical processing 
and theory. Curr. Opin. Neurobiol. 
6, 759-764. doi: 10.1016/S0959- 
4388(96)80025-0 

Desclin, J. C. (1974). Histological evi- 
dence supporting the inferior olive 
as the major source of cerebellar 
climbing fibers in the rat. Brain 
Res. 77, 365-384. doi: 10.1016/0006- 
8993(74)90628-3 



Frontiers in Neural Circuits 



www.frontiersin.org 



July 2013 | Volume 7 | Article 115 I 5 



Najafi and Medina 



Graded instructive signals in Purkinje cells 



De Zeeuw, C. I., Koekkoek, S. K., Wylie, 

D. R., and Simpson, J. I. (1997). 
Association between dendritic lamel- 
lar bodies and complex spike syn- 
chrony in the olivocerebellar system. 
/. Neurophysiol. 77, 1747-1758. 

De Zeeuw, C. I., Lang, E. J., Sugihara, I., 
Ruigrok, T. J., Eisenman, L. M., Mug- 
naini, E., et al. (1996). Morphological 
correlates of bilateral synchrony in 
the rat cerebellar cortex. /. Neurosci. 
16, 3412-3426. 

Devor, A., and Yarom, Y. (2002). Gener- 
ation and propagation of subthresh- 
old waves in a network of inferior 
olivary neurons. /. Neurophysiol. 87, 
3059-3069. 

Dizon, M. J., and Khodakhah, K. 
(2011). The role of interneurons 
in shaping Purkinje cell responses 
in the cerebellar cortex. /. Neu- 
rosci. 31, 10463-10473. doi: 10.1523/ 
JNEUROSCI.1350-11.2011 

Duguid, I. C, and Smart, T. G. (2004). 
Retrograde activation of presynap- 
tic NMDA receptors enhances GABA 
release at cerebellar interneuron- 
Purkinje cell synapses. Nat. Neurosci. 
7, 525-533. doi: 10.1038/nnl227 

Eccles, J. C. (1973). The cerebellum as a 
computer: patterns in space and time. 
/. Physiol. 229, 1-32. 

Eccles, J. C, Ito, M., and Szenta- 
gothai, J. (1967). The Cerebellum as a 
Neuronal Machine. Berlin: Springer- 
Verlag. doi: 10.1016/j.pneurobio. 
2006.02.006 

Eccles, J. C, Llinas, R., and Sasaki, 
K. (1966). The excitatory synaptic 
action of climbing fibres on the Purk- 
inje cells of the cerebellum. /. Physiol. 
182,268-296. 

Eccles, J. C, Sabah, N. H., Schmidt, R. 

E, and Taborikova, H. (1972). Inte- 
gration by Purkyne cells of mossy 
and climbing fiber inputs from cuta- 
neous mechanoreceptors. Exp. Brain 
Res. 15, 498-520. doi: 10.1007/ 
BF00236405 

Eilers, J., Augustine, G. J., and Konnerth, 
A. (1995). Subthreshold synaptic 
Ca2+ signalling in fine dendrites and 
spines of cerebellar Purkinje neu- 
rons. Nature 373, 155-158. doi: 
10.1038/373155a0 

Ekerot, C. E, and Jorntell, H. (2001). 
Parallel fibre receptive fields of Purk- 
inje cells and interneurons are climb- 
ing fibre-specific. Eur. J. Neurosci. 
13, 1303-1310. doi: 10.1046/j.0953- 
816x.2001.01499.x 

Ekerot, C. E, and Jorntell, H. (2003). 
Parallel fiber receptive fields: a key to 
understanding cerebellar operation 
and learning. Cerebellum 2, 101-109. 
doi: 10.1080/14734220309411 

Fujita, M. (1982). Adaptive filter 
model of the cerebellum. Biol. 



Cybern. 45, 195-206. doi: 10.1007/ 
BF00336192 

Gao, W., Chen, G, Reinert, K. C, 
and Ebner, T. J. (2006). Cerebel- 
lar cortical molecular layer inhibition 
is organized in parasagittal zones. 
J. Neurosci. 26, 8377-8387. doi: 
10.1523/JNEUROSCI.2434-06.2006 

Gao, Z., van Beugen, B. J., and de Zeeuw, 
C. I. (2012). Distributed synergis- 
tic plasticity and cerebellar learning. 
Nat. Rev. Neurosci. 13, 619-635. doi: 
10.1038/nrn3312 

Garwicz, M., Jorntell, H., and Ekerot, C. 
F. (1998). Cutaneous receptive fields 
and topography of mossy fibres and 
climbing fibres projecting to cat cere- 
bellar C3 zone. /. Physiol. 512(Pt 
1), 277-293. doi: 10. 1 1 1 1469- 
7793.1998.277bf.x 

Gilbert, P. F. (1974). A theory of mem- 
ory that explains the function and 
structure of the cerebellum. Brain 
Res. 70, 1-18. doi: 10.1016/0006- 
8993(74)90208-X 

Gilbert, P. F. (1993). Theories of 
motor learning by the cerebellum. 
Trends Neurosci. 16, 177-178. doi: 
10.1016/0166-2236(93)90144-B 

Gilbert, P. E, and Thach, W. T. 
(1977). Purkinje cell activity during 
motor learning. Brain Res. 128, 309- 
328. doi: 10.1016/0006-8993(77) 
90997-0 

Glitsch, M., Parra, P., and Llano, I. 

(2000) . The retrograde inhibition 
of IPSCs in rat cerebellar Purkinje 
cells is highly sensitive to intracel- 
lular Ca2+. Eur. J. Neurosci. 12, 
987-993. doi: 10.1046/j.l460-9568. 
2000.00994.x 

Hansel, C, and Linden, D. J. (2000). 
Long-term depression of the cerebel- 
lar climbing fiber-Purkinje neuron 
synapse. Neuron 26, 473-482. doi: 
10.1016/S0896-6273(00)81179-4 

Hansel, C, Linden, D. J., DAngelo, E. 

(2001) . Beyond parallel fiber LTD: 
the diversity of synaptic and non- 
synaptic plasticity in the cerebellum. 
Nat. Neurosci. 4, 467-475. doi: 
10.1038/87419 

Ito, M. (2006). Cerebellar circuitry as 
a neuronal machine. Prog. Neuro- 
biol. 78, 272-303. doi: 10.1016/j. 
pneurobio.2006.02.006 

Ito, M. (2013). Error detection and 
representation in the olivo-cerebellar 
system. Front. Neural Circuits 7:1. 
doi: 10.3389/fncir.2013.00001 

Ito, M., and Kano, M. (1982). Long- 
lasting depression of parallel fiber- 
Purkinje cell transmission induced 
by conjunctive stimulation of par- 
allel fibers and climbing fibers in 
the cerebellar cortex. Neurosci. Lett. 
33, 253-258. doi: 10.1016/0304- 
3940(82)90380-9 



Kano, M., Fukunaga, K., and Kon- 
nerth, A. (1996). Ca 2+ -induced 
rebound potentiation of gamma- 
aminobutyric acid-mediated 
currents requires activation of 
Ca + /calmodulin-dependent kinase 
II. Proc. Natl. Acad. Sci. U.S.A. 93, 
13351-13356. doi: 10.1073/pnas.93. 
23.13351 

Kano, M., Rexhausen, U., Dreessen, 
J., and Konnerth, A. (1992). Synap- 
tic excitation produces a long-lasting 
rebound potentiation of inhibitory 
synaptic signals in cerebellar Purk- 
inje cells. Nature 356, 601-604. doi: 
10.1038/356601a0 

Kawato, M., and Gomi, H. (1992). 
A computational model of four 
regions of the cerebellum based 
on feedback-error learning. Biol. 
Cybern. 68, 95-103. doi: 10.1007/ 
BF00201431 

Kenyon, G. T, Medina, J. F., and Mauk, 
M. D. (1998). A mathematical model 
of the cerebellar-olivary system II: 
motor adaptation through systematic 
disruption of climbing fiber equilib- 
rium. /. Comput. Neurosci. 5, 71-90. 
doi: 10.1023/A1008830427738 

Kitamura, K., and Hausser, M. (2011). 
Dendritic calcium signaling trig- 
gered by spontaneous and sensory- 
evoked climbing fiber input to cere- 
bellar Purkinje cells in vivo. /. 
Neurosci. 31, 10847-10858. doi: 
10.1523/JNEUROSCI.2525-10.2011 

Kitazawa, S., Kimura, T., and Yin, P. 
B. (1998). Cerebellar complex spikes 
encode both destinations and errors 
in arm movements. Nature 392, 494- 
497. doi: 10.1038/33141 

Kitazawa, S., and Wolpert, D. M. (2005). 
Rhythmicity, randomness and syn- 
chrony in climbing fiber signals. 
Trends Neurosci. 28, 611-619. doi: 
10.1016/j.tins.2005.09.004 

Konnerth, A., Dreessen, J., and 
Augustine, G. J. (1992). Brief den- 
dritic calcium signals initiate long- 
lasting synaptic depression in cere- 
bellar Purkinje cells. Proc. Natl. 
Acad. Sci. U.S.A. 89, 7051-7055. doi: 
10.1073/pnas.89.15.7051 

Lampl, I., and Yarom, Y. (1993). Sub- 
threshold oscillations of the mem- 
brane potential: a functional syn- 
chronizing and timing device. /. Neu- 
rophysiol. 70,2181-2186. 

Lampl, I., and Yarom, Y. (1997). 
Subthreshold oscillations and reso- 
nant behavior: two manifestations of 
the same mechanism. Neuroscience 
78, 325-341. doi: 10.1016/S0306- 
4522(96)00588-X 

Lang, E. J. (2002). GABAergic and 
glutamatergic modulation of 
spontaneous and motor-cortex- 
evoked complex spike activity. /. 



Neurophysiol. 87, 1993-2008. doi: 
10.1152/jn.00477.2001 

Lang, E. J., Sugihara, I., Welsh, J. P., and 
Llinas, R. (1999). Patterns of spon- 
taneous Purkinje cell complex spike 
activity in the awake rat. /. Neurosci. 
19, 2728-2739. 

Leznik, E., and Llinas, R. (2005). Role of 
gap junctions in synchronized neu- 
ronal oscillations in the inferior olive. 
/. Neurophysiol. 94, 2447-2456. doi: 
10.1152/jn.00353.2005 

Llinas, R., Baker, R., and Sotelo, 
C. (1974). Electrotonic coupling 
between neurons in cat inferior olive. 
/. Neurophysiol. 37, 560-571. 

Llinas, R., Lang, E. J., and Welsh, J. 
P. (1997). The cerebellum, LTD, and 
memory: alternative views. Learn. 
Mem. 3, 445-455. doi: 10.1101/ 
lm.3.6.445 

Llinas, R., and Sasaki, K. (1989). 
The functional organization of the 
olivo-cerebellar system as examined 
by multiple Purkinje cell recordings. 
Eur. J. Neurosci. 1, 587-602. 

Llinas, R., and Welsh, J. P. (1993). On 
the cerebellum and motor learning. 
Curr. Opin. Neurobiol. 3, 958-965. 

Llinas, R., and Yarom, Y. (1981). Elec- 
trophysiology of mammalian infe- 
rior olivary neurones in vitro. Dif- 
ferent types of voltage-dependent 
ionic conductances. /. Physiol. 315, 
549-567. 

Llinas, R. R. (2011). Cerebellar motor 
learning versus cerebellar motor 
timing: the climbing fibre story. 
/. Physiol. 589, 3423-3432. doi: 
10.1 1 13/jphysiol.201 1.207464 

Lou, J. S., and Bloedel, J. R. (1992). 
Responses of sagittally aligned Purk- 
inje cells during perturbed loco- 
motion: synchronous activation of 
climbing fiber inputs. /. Neurophysiol. 
68, 570-580. 

Maejima, T, Oka, S., Hashimoto- 
dani, Y, Ohno-Shosaku, T, Aiba, 
A., Wu, D, etal. (2005). Synapti- 
cally driven endocannabinoid release 
requires Ca2+-assisted metabotropic 
glutamate receptor subtype 1 to 
phospholipase Cbeta4 signaling cas- 
cade in the cerebellum. /. Neu- 
rosci. 25, 6826-6835. doi: 10.1523/ 
JNEUROSCI.0945-05.2005 

Marr, D. (1969). A theory of cerebellar 
cortex. /. Physiol. 202, 437-470. 

Marshall, S. P., van der Giessen, R. S., de 
Zeeuw, C. I., and Lang, E. J. (2007). 
Altered olivocerebellar activity pat- 
terns in the connexin36 knockout 
mouse. Cerebellum 6, 287-299. doi: 
10.1080/14734220601100801 

Maruta, J., Hensbroek, R. A., and 
Simpson, J. I. (2007). Intraburst 
and interburst signaling by climbing 
fibers. /. Neurosci. 27, 11263-11270. 



Frontiers in Neural Circuits 



www.frontiersin.org 



July 2013 I Volume 7 | Article 115 I 6 



Najafi and Medina 



Graded instructive signals in Purkinje cells 



doi: 10.1523/JNEUROSCI.2559- 
07.2007 

Mathews, P. J., Lee, K. H., Peng, Z., 
Houser, C. R., and Otis, T. S. (2012). 
Effects of climbing fiber driven inhi- 
bition on Purkinje neuron spiking. 
/. Neurosci. 32, 17988-17997. doi: 
10.1523/JNEUROSCI.3916-12.2012 

Mathy, A., Ho, S. S., Davie, J. X, Duguid, 
I. C, Clark, B. A., and Hausser, 
M. (2009). Encoding of oscillations 
by axonal bursts in inferior olive 
neurons. Neuron 62, 388-399. doi: 
10.1016/j.neuron.2009.03.023 

Mauk, M. D., and Donegan, N. H. 
(1997). A model of pavlovian eyelid 
conditioning based on the synap- 
tic organization of the cerebellum. 
Learn. Mem. 3, 130-158. doi: 
10.1101/lm.4.1.130 

Mauk, M. D., Steele, P. M., and Med- 
ina, J. F. (1997). Cerebellar involve- 
ment in motor learning. Neuroscien- 
tist 3, 303-313. doi: 10.1016/S1364- 
6613(98)01223-6 

Medina, J. E, and Lisberger, S. G. (2008). 
Links from complex spikes to local 
plasticity and motor learning in the 
cerebellum of awake-behaving mon- 
keys. Nat. Neurosci. 11, 1185-1192. 
doi: 10.1038/nn.2197 

Midtgaard, J., Lasser-Ross, N., and Ross, 
W. N. (1993). Spatial distribution of 
Ca2+ influx in turtle Purkinje cell 
dendrites in vitro: role of a transient 
outward current. /. Neurophysiol 70, 
2455-2469. 

Mittmann, W., and Hausser, M. (2007). 
Linking synaptic plasticity and spike 
output at excitatory and inhibitory 
synapses onto cerebellar Purkinje 
cells. /. Neurosci. 27, 5559-5570. 
doi: 10.1523/JNEUROSCI.5117- 
06.2007 

Miyakawa, H., Lev-Ram, V., Lasser- 
Ross, N., and Ross, W. N. (1992). 
Calcium transients evoked by climb- 
ing fiber and parallel fiber synaptic 
inputs in guinea pig cerebellar Purk- 
inje neurons. J. Neurophysiol. 68, 
1178-1189. 

Miyata, M., Finch, E. A., Khiroug, L., 
Hashimoto, K., Hayasaka, S., Oda, S. 
I., etal. (2000). Local calcium release 
in dendritic spines required for long- 
term synaptic depression. Neuron 
28, 233-244. doi: 10.1016/S0896- 
6273(00)00099-4 

Odeh, E, Ackerley, R., Bjaalie, J. 
G., and Apps, R. (2005). Pon- 
tine maps linking somatosensory 
and cerebellar cortices are in regis- 
ter with climbing fiber somatotopy. 
/. Neurosci. 25, 5680-5690. doi: 
10.1523/JNEUROSCI.0558-05.2005 

Ohtsuki, G., and Hirano, T. 
(2008). Bidirectional plasticity at 
developing climbing fiber-Purkinje 



neuron synapses. Eur. J. Neu- 
rosci. 28, 2393-2400. doi: 
10. 1 1 1 1/j. 1460-9568.2008.06539.X 

Ohtsuki, G., Piochon, C, and Hansel, 
C. (2009). Climbing fiber signaling 
and cerebellar gain control. Front. 
Cell Neurosci. 3:4. doi: 10.3389/ 
neuro.03.004.2009 

Otis, T. S., Mathews, P. J., Lee, K. H., 
and Maiz, J. (2012). How do climb- 
ing fibers teach? Front. Neural Circuits 
6:95. doi: 10.3389/fncir.2012.00095 

Ozden, I., Sullivan, M. R., Lee, H. 
M., and Wang, S. S.-H. (2009). Reli- 
able coding emerges from coactiva- 
tion of climbing fibers in microbands 
of cerebellar Purkinje neurons. /. 
Neurosci. 29, 10463-10473. doi: 
10.1523/JNEUROSCI.0967-09.2009 

Palay, S., and Chan-Palay, V. (1974). 
Cerebellar Cortex. New York: 
Springer- Verlag. doi: 10.1007/ 
978-3-642-65581-4 

Palkovits, M., Mezey, E., Hamori, J., 
and Szentagothai, J. (1977). Quan- 
titative histological analysis of the 
cerebellar nuclei in the cat. I. Numer- 
ical data on cells and on synapses. 
Exp. Brain Res. 28, 189-209. doi: 
10.1007/BF00237096 

Person, A. L., and Raman, I. M. (2011). 
Purkinje neuron synchrony elicits 
time-locked spiking in the cerebel- 
lar nuclei. Nature 481, 502-505. doi: 
10.1038/naturel0732 

Pijpers, A., Apps, R., Pardoe, J., 
Voogd, J., and Ruigrok, T. J. (2006). 
Precise spatial relationships between 
mossy fibers and climbing fibers 
in rat cerebellar cortical zones. /. 
Neurosci. 26, 12067-12080. doi: 
10.1523/JNEUROSCI.2905-06.2006 

Raman, I. M., and Bean, B. P. (1997). 
Resurgent sodium current and action 
potential formation in dissociated 
cerebellar Purkinje neurons. /. Neu- 
rosci. 17,4517-4526. 

Raman, I. M., and Bean, B. P. (1999a). 
Ionic currents underlying sponta- 
neous action potentials in isolated 
cerebellar Purkinje neurons. /. Neu- 
rosci. 19, 1663-1674. 

Raman, I. M., and Bean, B. P. (1999b). 
Properties of sodium currents and 
action potential firing in isolated 
cerebellar Purkinje neurons. Ann. 
N. Y. Acad. Sci. 868, 93-96. doi: 
10.1111/j.l749-6632.1999.tbll279.x 

Rancz, E. A., and Hausser, M. (2006). 
Dendritic calcium spikes are tun- 
able triggers of cannabinoid release 
and short-term synaptic plastic- 
ity in cerebellar Purkinje neurons. 
/. Neurosci. 26, 5428-5437. doi: 
10.1523/JNEUROSCI.5284-05.2006 

Rasmussen, A., Jirenhed, D. A., and 
Hesslow, G. (2008). Simple and 
complex spike firing patterns in 



Purkinje cells during classical condi- 
tioning. Cerebellum 7, 563-566. doi: 
10.1007/sl231 1-008-0068-2 

Raymond, J. L., and Lisberger, S. G. 
(1998). Neural learning rules for the 
vestibulo-ocular reflex. /. Neurosci. 
18,9112-9129. 

Raymond, J. L., Lisberger, S. G., and 
Mauk, M. D. (1996). The cerebellum: 
a neuronal learning machine? Science 
272, 1126-1131. doi: 10.1126/sci- 
ence.272.5265.1126 

Ross, W. N., and Werman, R. (1987). 
Mapping calcium transients in the 
dendrites of Purkinje cells from the 
guinea-pig cerebellum in vitro. /. 
Physiol 389,319-336. 

Ruigrok, T. J., and Voogd, J. 
(1995). Cerebellar influence on oli- 
vary excitability in the cat. Eur. J. Neu- 
rosci. 7, 679-693. doi: 10.1 1 1 1/j. 1460- 
9568.1995.tb00672.x 

Sakurai, M. (1990). Calcium is an 
intracellular mediator of the climb- 
ing fiber in induction of cerebel- 
lar long-term depression. Proc. Natl. 
Acad. Sci. U.S.A. 87, 3383-3385. doi: 
10.1073/pnas.87.9.3383 

Schmolesky, M. T., Weber, J. T., de 
Zeeuw, C. I., and Hansel, C. (2002). 
The making of a complex spike: ionic 
composition and plasticity. Ann. N. 
Y. Acad. Sci. 978, 359-390. doi: 
10.1111/j.l749-6632.2002.tb07581.x 

Schultz, S. R., Kitamura, K., Post- 
Uiterweer, A., Krupic, J., and 
Hausser, M. (2009). Spatial pat- 
tern coding of sensory informa- 
tion by climbing fiber-evoked cal- 
cium signals in networks of neigh- 
boring cerebellar Purkinje cells. /. 
Neurosci. 29, 8005-8015. doi: 
10.1523/JNEUROSCI.4919-08.2009 

Sejnowski, T. J. (1977). Storing covari- 
ance with nonlinearly interacting 
neurons. /. Math. Biol. 4, 303-321. 
doi: 10.1007/BF00275079 

Simpson, ). I., Wylie, D. R., and de 
Zeeuw, C. I. (1996). On climb- 
ing fiber signals and their conse- 
quence(s). Behav. Brain Sci. 19, 384- 
398. doi: 10.1017/S0140525X000 
81486 

Soetedjo, R., Kojima, Y., and Fuchs, 
A. (2008). Complex spike activity 
signals the direction and size of dys- 
metric saccade errors. Prog. Brain Res. 
171, 153-159. doi: 10.1016/S0079- 
6123(08)00620-1 

Sotelo, C, Llinas, R., and Baker, R. 
(1974). Structural study of inferior 
olivary nucleus of the cat: morpho- 
logical correlates of electrotonic cou- 
pling. /. Neurophysiol. 37, 541-559. 

Spoelstra, J., Schweighofer, N., and 
Arbib, M. A. (2000). Cerebellar 
learning of accurate predictive con- 
trol for fast-reaching movements. 



Biol. Cybern. 82, 321-333. doi: 
10.1007/s004220050586 
Strata, P., and Rossi, F. (1998). Plas- 
ticity of the olivocerebellar path- 
way. Trends Neurosci. 21, 407- 
413. doi: 10.1016/S0166-2236(98) 
01305-8 

Sugihara, I., Lang, E. J., and Llinas, 
R. (1993). Uniform olivocerebellar 
conduction time underlies Purkinje 
cell complex spike synchronicity in 
the rat cerebellum. /. Physiol. 470, 
243-271. 

Szapiro, G., and Barbour, B. (2007). 
Multiple climbing fibers signal 
to molecular layer interneurons 
exclusively via glutamate spillover. 
Nat. Neurosci. 10, 735-742. doi: 
10.1038/nnl907 

Takechi, H., Eilers, J., and Konnerth, 
A. (1998). A new class of synaptic 
response involving calcium release in 
dendritic spines. Nature 396, 757- 
760. doi: 10.1038/25547 

Tanaka, K., Khiroug, L., Santamaria, 
E, Doi, T., Ogasawara, H., Ellis- 
Davies, G. C, etal. (2007). Ca2+ 
requirements for cerebellar long- 
term synaptic depression: role for a 
postsynaptic leaky integrator. Neu- 
ron 54, 787-800. doi: 10.1016/ 
j.neuron.2007.05.014 

Thach, W. T. Jr. (1967). Somatosensory 
receptive fields of single units in cat 
cerebellar cortex. /. Neurophysiol. 30, 
675-696. 

Voogd, J., Pardoe, J., Ruigrok, T. J., and 
Apps, R. (2003). The distribution of 
climbing and mossy fiber collateral 
branches from the copula pyramidis 
and the paramedian lobule: congru- 
ence of climbing fiber cortical zones 
and the pattern of zebrin banding 
within the rat cerebellum. /. Neurosci. 
23, 4645-4656. 

Wang, S. S.-H., Denk, W., and Hausser, 
M. (2000). Coincidence detection in 
single dendritic spines mediated by 
calcium release. Nat. Neurosci. 3, 
1266-1273. doi: 10.1038/81792 

Welsh, J. P., Lang, E. J., Sugi- 
hara, I., and Llinas, R. (1995). 
Dynamic organization of motor con- 
trol within the olivocerebellar system. 
Nature 374, 453-457. doi: 10.1038/ 
374453a0 

Wise, A. K., Cerminara, N. L., Marple- 
Horvat, D. E., and Apps, R. (2010). 
Mechanisms of synchronous activity 
in cerebellar Purkinje cells. /. Physiol. 
588, 2373-2390. doi: 10.1113/jphys- 
iol.2010.189704 

Wylie, D. R., De Zeeuw, C. I., and Simp- 
son, J. I. (1995). Temporal relations of 
the complex spike activity of Purkinje 
cell pairs in the vestibulocerebellum 
of rabbits. /. Neurosci. 15, 2875- 
2887. 



Frontiers in Neural Circuits 



www.frontiersin.org 



July 2013 I Volume 7 | Article 115 I 7 



Najafi and Medina 



Graded instructive signals in Purkinje cells 



Conflict of Interest Statement: The 

authors declare that the research was 
conducted in the absence of any com- 
mercial or financial relationships that 
could be construed as a potential con- 
flict of interest. 



Received: 20 March 2013; accepted: 12 
June 2013; published online: 02 July 
2013. 

Citation: Najafi F and Medina JF (2013) 
Beyond "all-or-nothing" climbing fibers: 
graded representation of teaching signals 



in Purkinje cells. Front. Neural Circuits 
7:115. doi: 10.3389/fncir.2013.001 15 
Copyright © 2013 Najafi and Med- 
ina. This is an open-access article 
distributed under the terms of the 
Creative Commons Attribution License, 



which permits use, distribution and 
reproduction in other forums, pro- 
vided the original authors and source 
are credited and subject to any copy- 
right notices concerning any third-party 
graphics etc. 



Frontiers in Neural Circuits 



www.frontiersin.org 



July 2013 I Volume 7 | Article 115 I 8 



